Introduction
============

Alzheimer\'s disease (AD), the most common cause of dementia in the elderly, is a neurodegenerative disorder clinically characterized by progressive, insidious and irreversible cognitive decline. Major neuropathological features of AD brains are senile plaques and neurofibrillary tangles (NFTs). Senile plaques comprise the extracellular deposition of amyloid beta-peptide (Aβ), and NFTs the intracellular aggregation of highly phosphorylated microtubule-associated protein tau. These two lesions are thought to eventually lead to functional failure of synapses, synaptic loss and neuronal death in the AD brain. It has been demonstrated that the spreading of NFTs across the brain exhibits high correlation with the cognitive impairment status in AD.^[@bib1],[@bib2]^ The progression of NFTs is classified into six stages, I, II, III, IV, V and VI, based on the spatial distribution pattern of tangle-bearing neurons in the brain, which is known as the Braak NFT stage.^[@bib1],[@bib2]^ These stages could be further grouped as: the transentorhinal (I and II), limbic (III and IV) and neocortical (V--VI) stage groups, corresponding to normal cognition, cognitive impairment and dementia, respectively.^[@bib1],[@bib2]^

Using the Braak NFT stage as an objective index of the neuropathological progression of AD, genome-wide gene expression studies involving post-mortem brain tissues have been carried out to discover the genes and molecular pathways related to the pathogenesis of AD.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ A large number of genes were discovered to be AD-related ones through these studies. Bossers *et al.*^[@bib6]^ for the first time examined the gene expression pattern throughout the entire course of AD in the prefrontal cortex. In that study they demonstrated that the most prominent change in gene expression occurs between Braak NFT stages II and III, and genes related to synaptic activity are primarily affected around these stages.^[@bib6]^

We considered that the altered gene expression associated with NFT expansion may be useful for monitoring AD progression. Thus, we here conducted whole-genome gene expression analysis using 213 human post-mortem brain tissue specimens from three brain regions (BRs), the entorhinal (EC), temporal (TC) and frontal (FC) cortices, of 71 Japanese brain-donor subjects^[@bib8],[@bib9]^ to identify the genes associated with the spreading of NFTs in each BR. The disease specificity of the genes identified was ascertained by using healthy control subjects (*N*=30) and patients with late-onset AD (LOAD, *N*=37), dementia with Lewy bodies (DLB, *N*=17) and Parkinson disease (PD, *N*=36). Next, protein--protein interaction (PPI) network analysis was carried out to determine whether or not physical connections exist among the proteins encoded by the NFT-associated genes identified.

Materials and methods
=====================

Post-mortem brain tissues
-------------------------

This study was approved by the Institutional Review Board of Niigata University and by all participating institutes. All subjects were anonymously analyzed.

We prepared an exploratory sample set, ROW, comprising 71 Japanese brain-donor subjects ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The neuropathological diagnoses of all these subjects are given in [Supplementary Table S8](#sup1){ref-type="supplementary-material"}. Based on the NFT stage advocated by Braak H and Braak E,^[@bib1]^ the subjects were divided into four groups: Braak NFT stages 0 (*N*=13), I--II (*N*=20), III--IV (*N*=19) and V--VI (*N*=19). Tissues dissected from three BRs, EC, TC and FC, were used. In total, 213 brain tissue specimens (= 71 subjects × 3 BRs) were eventually involved in this study.

To determine whether expression variations of genes identified in the ROW set were disease-specific or not, we constructed another sample set, NP, comprising 120 well-defined brain-donor subjects ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}). The NP set was composed of control subjects (*N*=30), and patients with LOAD (*N*=37), DLB (*N*=17) and PD (*N*=36). Brain specimens from FC were utilized in this sample set.

Genomic DNA extraction and *APOE* genotyping
--------------------------------------------

Preparation of genomic DNA from FC and determination of *APOE* genotypes were described in our previous paper.^[@bib10]^

Total RNA extraction and quality control
----------------------------------------

Total RNA from brain tissues was extracted with a TRIzol Plus RNA Purification System (Life Technologies, Carlsbad, CA, USA). Genomic DNA was removed through on-column DNase I treatment during the RNA preparation. For determination of the RNA integrity number (1 (totally degraded) to 10 (intact)),^[@bib11]^ a 2100 Bioanalyzer instrument was used with the RNA 6000 Pico Assay (Agilent, Santa Clara, CA, USA). We fluorometrically determined the concentration of total RNA with a Quant-iT RiboGreen RNA Assay Kit (Life Technologies).

Whole-genome gene expression profiling
--------------------------------------

For a genome-wide survey of transcripts associated with Braak NFT stages and BRs, we used GeneChip Human Exon 1.0 ST Arrays (Affymetrix, Santa Clara, CA, USA). All reactions were carried out according to the manufacturer\'s instruction manual (P/N 701880, Rev. 4).

The initial raw data (DAT files) were processed into CEL files via the Affymetrix GeneChip Operating Software. The CEL files were imported into Partek Genomics Suite 6.4 (Partek, St Louis, MO, USA) and then normalized, and their backgrounds were corrected by means of a robust multi-array average method^[@bib12]^ with adjustment for GC content. The expression levels of all probesets in the CEL files were log~2~-transformed. Core meta-probesets including 232,479 probesets (Affymetrix reference file name: HuEx-1_0-st-v2.r2.dtl.hg18.core.mps) were used. Among them, we excluded probesets that did not have an official gene symbol and did not exhibit a maximum signal intensity of 5.0 across all exon arrays (*N*=213). Consequently, 190,447 probesets per CEL file were analyzed in further examinations.

We compared the gene expression levels among the four Braak NFT stage groups in each BR, designated as Comparison(Com)-NFT(BR): Com-NFT(E) in EC, Com-NFT(T) in TC and Com-NFT(F) in FC ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Also, in the four Braak NFT stage groups, the gene expression levels were compared among the three BR groups, referred to as Com-BR(NFT): Com-BR(0) in Braak NFT stage 0, Com-BR(I-II) in Braak NFT stages I--II, Com-BR(III--IV) in Braak NFT stages III--IV and Com-BR(V--VI) in Braak NFT stages V--VI ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). For each gene, alternative splicing analysis of variance (alt-splicing ANOVA) *P*-values (*P*) were computed. A method to control the false discovery rate (FDR)^[@bib13]^ was applied for correct multiple testing (*P*~FDR~): alt-splicing ANOVA *P*~FDR~ of 5.00E−02 was set as the significant threshold ([Supplementary Table S9](#sup1){ref-type="supplementary-material"}). Additionally, we calculated nine items in Com-NFT(BR) ([Table 1](#tbl1){ref-type="table"}) and three items in Com-BR(NFT) ([Supplementary Tables S3 and S4](#sup1){ref-type="supplementary-material"}) as to the fold changes. These analyses were implemented into Partek Genomics Suite 6.4 (Partek). We selected genes exhibiting both *P*~FDR~\<5.00E−02 and fold change ⩾ \|1.5\| for real-time quantitative PCR (qRT-PCR) analysis with TaqMan assays, as described below ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

RT--qPCR
--------

Samples were subjected to RT--qPCR amplification with a TaqMan Gene Expression Assay (Life Technologies) on an ABI PRISM 7900 HT instrument (Applied Biosystems, Carlsbad, CA, USA). The details are given under [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Gene ontology and pathway analyses
----------------------------------

To systematically elucidate the biological functions of genes discovered in Com-BR(NFT), we performed gene ontology (GO) and pathway analyses with The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7.^[@bib14]^ GO and pathway terms showing unadjusted *P*-values \<1.00E−01 were selected. For pathway analysis, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database^[@bib15]^ was used to reveal physical and/or functional interactions among the genes.

Hierarchical cluster analysis
-----------------------------

To group genes based on similar gene expression patterns across both the four Braak NFT stage groups (0, I--II, III--IV and V--VI) and the three BRs (EC, TC and FC), hierarchical cluster analysis was conducted using Partek Genomics Suite 6.4. After calculation of the *z*-score for each gene, gene clustering was performed with an average linkage method with the Euclidean distance.

PPI network analysis
--------------------

Proteins encoded by genes identified via exon array analysis with the ROW set ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) were subjected to PPI network analysis. A comprehensive protein interaction database, BioGRID,^[@bib16]^ was referred to. In this database (build 3.2.104 (September 2013)), 17 841 unique physical protein interactions have been deposited and examined to construct PPI networks. We retrieved one-hop neighborhood proteins and connected them to each other as edges.

Statistical analysis
--------------------

The gender (female vs male) and *APOE-ɛ4* (*ɛ4* allele carrier vs non-carrier) distributions were assessed by means of *χ^2^* and Fisher\'s exact tests, respectively. For comparisons among three or four groups, we applied the Kruskal--Wallis test (*P*~KW~), that is, Braak NFT stages (0 vs I--II vs III--IV vs V--VI) and BRs (EC vs TC vs FC). If statistical significance was observed in the test, Dunn\'s multiple comparison test was adopted as a *post hoc* test, and multiplicity adjusted *P* for each comparison was computed. By means of one-way ANOVA (*P*~ANOVA~), differences of gene expression levels among four subject groups, control, LOAD, DLB and PD, were examined, followed by Sidak\'s multiple-comparison *post hoc* test for each comparison. We carried out the Mann--Whitney test (*P*~MW~) for two-group comparisons, that is, *APOE* (*ɛ4* non-carrier vs carrier) and gender (female vs male). Using Pearson\'s coefficient value, *R*, we examined the correlation between two groups. Multiple linear regression analysis was performed to determine whether or not the expression levels of genes identified were significantly associated with Braak NFT stage (0, I--II, III--IV and V--VI), with adjustment for three covariates, BR (EC, TC and FC), gender (male and female) and AAD.

The statistical analyses described above were implemented into Prism version 6.0c for Mac OS X (GraphPad Software, La Jolla, CA, USA) and R software (version 3.0.3). We considered *P*\<5.00E--02 to be statistically significant.

Results
=======

Genes associated with NFT spreading
-----------------------------------

To identify differentially expressed genes as to Braak NFT stages, we conducted whole-genome gene expression analysis using exon arrays with the ROW set ([Supplementary Tables S1 and S8](#sup1){ref-type="supplementary-material"}). In the three BRs (EC, TC and FC), the gene expression levels were compared among the four Braak NFT stage groups, 0, I-II, III-IV and V-VI, by means of alt-splicing ANOVA ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). We found that the expression levels of eight genes (*P*~FDR~\<5.00E−02 and fold change ⩾ \|1.5\|) were altered as to Braak NFT stage: seven genes, *RELN* (reelin, 7q22), *PTGS2* (prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase), 1q25.2-q25.3), *MYO5C* (myosin VC, 15q21), *TRIL* (TLR4 interactor with leucine-rich repeats, 7p14.3), *DCHS2* (dachsous 2 (Drosophila), 4q31.3), *GRB14* (growth factor receptor-bound protein 14, 2q22--q24), and *NPAS4* (neuronal PAS domain protein 4, 11q13), in Com-NFT(E), one gene, *PHYHD1* (phytanoyl-CoA dioxygenase domain containing 1, 9q34.11), in Com-NFT(T), and one gene, *NPAS4*, in Com-NFT(F) ([Table 1](#tbl1){ref-type="table"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The expression patterns of the eight genes are presented as entire transcripts in [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}.

By means of the Kruskal--Wallis test, the expression levels of the eight genes were compared among the four Braak NFT stage groups in each BR ([Figure 1](#fig1){ref-type="fig"}). Seven genes, *RELN*, *PTGS2*, *MYO5C*, *TRIL*, *DCHS2*, *GRB14* and *PHYHD1*, were significantly associated with Braak NFT stage in at least one BR ([Figure 1](#fig1){ref-type="fig"}). As to *DCHS2* ([Figure 1e](#fig1){ref-type="fig"}) and *PHYHD1* ([Figure 1h](#fig1){ref-type="fig"}), we observed significance in every BR.

We also examined whether or not the expression levels of the eight genes differed depending on the *APOE-ɛ4* carrier status (*ɛ4* non-carrier vs carrier) and gender (female vs male) in each BR. The difference in the gene expression level of *PHYHD1* was significant between *ɛ4* non-carriers and carriers: *P*~MW~=1.03E--02 in TC and *P*~MW~=1.87E--02 in FC. There were no significant differences between female and male subjects for any of the eight genes.

In AD brains, the major histopathological hallmarks in addition to senile plaques and NFTs are neuronal loss and gliosis, which lead to population changes of brain cells.^[@bib17]^ Thus, we considered that the expression levels of neural cell-type-specific genes should be carefully checked. The genes listed below were examined: *AQP4*, *GFAP* and *S100B* for astrocytes, *AIF1*, *CD68*, *EMR1* and *LGALS3* for microglia, *MAG*, *MBP*, *MOG* and *SOX10* for oligodendrocytes, and *CHGA*, *ENOS2*, *NEFL*, *NEFM*, *NEFH*, *SNAP25* and *SYT1* for neurons. In the ROW set ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), none of these genes showed significant expression changes across Braak NFT stages ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Genes associated with BRs
-------------------------

Using the ROW set ([Supplementary Tables S1 and S8](#sup1){ref-type="supplementary-material"}), we also compared the gene expression levels among the three BRs, EC, TC and FC, in each Braak NFT stage ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). A total of 357 genes exhibited alt-splicing ANOVA *P*~FDR~\<5.00E--02 and fold change ⩾ \|1.5\| ([Supplementary Tables S2 and S4](#sup1){ref-type="supplementary-material"}). The overlapping of these genes is represented as a Venn diagram in [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}: 15 sections were generated, which were individually designated as Sections (Sec) A -- O. The expression levels of 36 genes in Sec-A ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}) were found not to be affected by the Braak NFT stage. On the other hand, it was found that in total 193 genes in Sec-L (91 genes), M (10 genes), N (25 genes) and O (67 genes) strongly depend on the Braak NFT stage ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). For the genes in Sec-A, L, M, N and O, we performed GO and KEGG pathway analyses: the results are given in [Supplementary Tables S5 and S6](#sup1){ref-type="supplementary-material"}, respectively.

We paid particular attention to eight genes, *RELN*, *PTGS2*, *MYO5C*, *TRIL*, *DCHS2*, *GRB14*, *NPAS4* and *PHYHD1*, discovered in Com-NFT(BR) ([Table 1](#tbl1){ref-type="table"}, [Figure 1](#fig1){ref-type="fig"} and [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Thus, we checked alterations in their expression levels in Com-BR(NFT). We detected apparent decreases in the gene exprsssion levels of *GRB14* and *PHYHD1* in TC compared with those in EC: *GRB14*, *P*~FDR~=9.40E−09 and fold change=−1.82 in Com-BR(III−IV); *PHYHD1*, *P*~FDR~=4.20E−02 and fold change=−1.53 in Com-BR(III−IV); and *P*~FDR~=7.94E−04 and fold change=−1.55 in Com-BR(V-VI) ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). *GRB14* and *PHYHD1* were included in Sec-N and Sec-J, respectively ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}).

Clustering of genes associated with Braak NFT stages according to their expression patterns
-------------------------------------------------------------------------------------------

To categorize the eight genes according to their gene expression patterns, we performed hierarchical cluster analysis ([Figure 2a](#fig2){ref-type="fig"}). Four major clusters were observed: *RELN* and *GRB14* in Cluster-1, *NPAS4* and *PTGS2* in Cluster-2, *DCHS2* in Cluster-3, and *MYO5C*, *PHYHD1* and *TRIL1* in Cluster-4 ([Figure 2a](#fig2){ref-type="fig"}). The expression patterns of these genes across Braak NFT stages are presented in [Figures 2b--i](#fig2){ref-type="fig"}. In Cluster-1 including *RELN* ([Figure 2b](#fig2){ref-type="fig"}) and *GRB14* ([Figure 2c](#fig2){ref-type="fig"}), gradual decreases in the gene expression levels were observed with Braak NFT stage progression. *NPAS4* ([Figure 2d](#fig2){ref-type="fig"}) and *PTGS2* ([Figure 2e](#fig2){ref-type="fig"}) in Cluster-2 exhibited decreases in their expression levels along with the Braak NFT stage progression; in particular, the degree of the decrease from Braak NFT stages 0 to I--II was remarkable for *NPAS4* ([Figure 2d](#fig2){ref-type="fig"}). Transitory increases in the gene expression levels of *DCHS2* in Cluster-3 were detected from Braak NFT stage 0 to I--II, followed by gradual decreases in its expression toward later stages ([Figure 2f](#fig2){ref-type="fig"}). The gene expression levels of *MYO5C* ([Figure 2g](#fig2){ref-type="fig"}), *PHYHD1* ([Figure 2h](#fig2){ref-type="fig"}) and *TRIL* ([Figure 2i](#fig2){ref-type="fig"}) gradually increased along with the Braak NFT stage progression.

In the three BRs, we investigated the correlation of the expression levels of genes included in Clusters-1, 2 and 4 ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Only for the correlation between *MYO5C* and *TRIL* in Cluster-4 was significance not detected ([Supplementary Figure 4j--](#sup1){ref-type="supplementary-material"}l).

PPI network including genes identified in the exploratory anlysis
-----------------------------------------------------------------

We attempted to characterize physical PPI networks in which eight gene products, RELN, PTGS2, MYO5C, TRIL, DCHS2, GRB14, NPAS4 and PHYHD1, are relevant ([Figure 3](#fig3){ref-type="fig"}). The BioGRID database^[@bib16]^ was screened for this analysis. It was found that all eight proteins have at least one PPI. We found that (1) RELN, DCHS2 and PTGS2 interact via COPS5 (COP9 signalosome subunit 5); (2) the interaction between two proteins, MYO5C and PHYHD1, is mediated by POT1 (protection of telomeres 1); (3) PHYHD1 directly interacts with Aβ~42~,^[@bib18]^ which is denoted as 'APP\' (amyloid beta (A4) precursor protein) in [Figures 3](#fig3){ref-type="fig"}; and (4) GRB14 interacts with APP via IGF1R (insulin-like growth factor 1 receptor).

RT--qPCR analysis of genes identified in the exploratory anlysis
----------------------------------------------------------------

We attempted to replicate the association of eight genes ([Table 1](#tbl1){ref-type="table"},[Figure 1](#fig1){ref-type="fig"} and [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}) identified in the ROW set ([Supplementary Tables S1 and S8](#sup1){ref-type="supplementary-material"}) with Braak NFT stage using the TaqMan method. We first assessed the correlation between exon array and TaqMan data. Significantly high positive correlations were observed for all eight genes (*P*\<1.00E−04): range of *R*^2^, 0.25--0.85. Then, we performed comparisons among the four Braak NFT stage groups, 0, I--II, III--IV and V--VI, for each gene. The expression levels of three genes, *MYO5C* (in EC), *GRB14* (in EC) and *PHYHD1* (in TC), were confirmed to be obviously associated with Braak NFT stage ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}).

Disease specificity of three genes, MYO5C, GRB14 and PHYHD1
-----------------------------------------------------------

We investigated whether or not disease-dependent gene expression changes occur for three genes, *PHYHD1*, *MYO5C* and *GRB14*. The NP set ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}) was used for this analysis. Global significant differences among the four disease groups (control, LOAD, DLB and PD) were detected for all three genes: *PHYHD1* ([Figure 4a](#fig4){ref-type="fig"}), *P*~ANOVA~=8.60E−03 (*RPS17*) and 1.88E−02 (*CASC3*); *MYO5C* ([Figure 4b](#fig4){ref-type="fig"}), *P*~ANOVA~=7.60E−03 (*RPS17*) and 2.76E−02 (*CASC3*); and *GRB14* ([Figure 4c](#fig4){ref-type="fig"}), *P*~ANOVA~=4.71E−02 (*GUSB*), 3.75E−02 (*RPS17*) and 9.10E−03 (*CASC3*). There were significant expression alterations between the control and LOAD groups, but not between the control and PD ones, in *PHYHD1* ([Figure 4b](#fig4){ref-type="fig"}) and *MYO5C* ([Figure 4b](#fig4){ref-type="fig"}). In patients with DLB in comparison with control subjects, we observed significantly increased gene expression of *PHYHD1* (*RPS17* and *CASC3*) ([Figure 4a](#fig4){ref-type="fig"}). Concerning *GRB14*, significant gene expression changes were not detected in any comparisons between two groups; however, the gene expression levels of LOAD and DLB patients were found to exhibit a decreasing tendency compared with that of control subjects ([Figure 4c](#fig4){ref-type="fig"}).

Discussion
==========

NFTs are one of the neuropathological hallmarks characteristic of AD brains. Their spreading through the brain is highly correlated with the cognitive state of AD.^[@bib1],[@bib2]^ We thought that gene expression variation associated with NFT expansion may be useful for monitoring AD progression. Therefore, in this study we attempted to discover transcripts associated with Braak NFT stage.^[@bib1]^ Through whole-genome gene expression analysis, we identified eight genes, *RELN*, *PTGS2*, *MYO5C*, *TRIL*, *DCHS2*, *GRB14*, *NPAS4* and *PHYHD1*, as NFT-associated ones ([Table 1](#tbl1){ref-type="table"},[Figure 1](#fig1){ref-type="fig"} and [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Genes related to the phosphorylation and dephosphorylation of tau, such as *GSK3B* and *PPP1CA*,^[@bib19],[@bib20]^ did not show significant association with Braak NFT stage here. Concerning three genes, *RELN*^[@bib21],[@bib22]^, *PTGS2*^[@bib23],[@bib24]^ and *DCHS2*^[@bib25]^, there have been reports mentioning their involvment in AD. Three proteins, RELN, PTGS2 and DCHS2, directly interact with COPS5 ([Figure 3](#fig3){ref-type="fig"}), which directly interacts with APP and thus increases Aβ production.^[@bib26]^ However, to our knowledge, the remaining five genes, *MYO5C*, *TRIL*, *GRB14*, *NPAS4* and *PHYHD1*, are novel to AD. Among these five genes, we were able to replicate the association of three genes, *PHYHD1*, *MYO5C* and *GRB14*, with Braak NFT stages by means of RT--qPCR analysis ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). Multiple linear regression analysis with adjustment for BR, gender and AAD supported the association of the expression levels of the three genes with Braak NFT ([Supplementary Table S10](#sup1){ref-type="supplementary-material"}). In particular, the gene expression levels of *PHYHD1* and *MYO5C* were found to evidently change in patients with LOAD compared with that in control subjects ([Figure 4](#fig4){ref-type="fig"}). It is likely that functional failure of PHYHD1 and MYO5C leads to AD development.

On PPI network analysis ([Figure 3](#fig3){ref-type="fig"}), we obtained evidence that PHYHD1 directly interacts with Aβ~42~,^[@bib18]^ which is cleaved from APP through sequential proteolysis by β- and γ-secretases. *PHYHD1* encodes three protein isoforms, PHYHD1A (291 amino acids (a.a.)), PHYHD1B (297 a.a.) and PHYHD1C (270 a.a.), generated through different splicing. Among them, PHYHD1A functions as a Fe(II) and 2-oxoglutarate (2OG)-dependent oxygenase,^[@bib27]^ which catalyzes the conversion of 2OG to succinate and CO~2~.^[@bib28]^ The 2OG oxygenases comprise a large superfamily, consisting of \>60 family members, that is involved in various biochemical reactions including fatty acid metabolism via the phytanic acid α-oxidation pathway.^[@bib28]^ It is suggested, on the basis of biochemical and structural analyses, that PHYHD1A may interact with some fatty acids or their derivatives, and thus be involved in their hydroxylation.^[@bib27]^ Fatty acids, especially omega-3 and -6 fatty ones, have an influence on Aβ metabolism.^[@bib29]^ Altered gene expression of *PHYHD1* is likely to affect the efficiency of metabolism of fatty acids, which might finally influence several neuronal activities in the human brain.

MYO5C was found to interact with PHYHD1 via POT1 ([Figure 3](#fig3){ref-type="fig"}). There were significant correlations between the gene expression levels of *MYO5C* and *PHYHD1* ([Supplementary Figure 4g--i](#sup1){ref-type="supplementary-material"}). The patterns of gene expression variations across the four Braak NFT stages were almost the same for both genes ([Figures 2a, g and h](#fig2){ref-type="fig"}). MYO5C is the third member of the class V myosins (actin-based motor proteins), and exhibits \~50% similarity in its overall a.a. sequence to those of MYO5A and MYO5B.^[@bib30]^ MYO5C^[@bib30],[@bib31]^ is suggested to have an important role in secretory granule trafficking involving transferrin, a well-known protein involved in iron homeostasis.^[@bib32]^ RAB10, one of the RAB proteins influencing vesicle trafficking pathways, interacts with MYO5C as well as MYO5A and MYO5B.^[@bib33]^ Functional failure of proteins related to intracellular trafficking, such as SORL1, is thought to lead to AD development along with abnormal Aβ production and deposition.^[@bib34],[@bib35]^ Although at present there have been no reports mentioning that MYO5C is involved in AD pathogenesis, our findings indicate that *MYO5C* could be a promising candidate for AD.

In conculsion, eight genes, *RELN*, *PTGS2*, *MYO5C*, *TRIL*, *DCHS2*, *GRB14*, *NPAS4* and *PHYHD1*, were identified as NFT-associated ones on whole-genome gene expression analysis. *PHYHD1* and *MYO5C* were replicated as associated genes with not only Braak NFT stage but also LOAD beside other neurodegenerative diseases, DLB and PD. These two genes have attractive biological functions, of which failure may lead to AD development. Further functional examinations of PHYHD1 and MYO5C will provide insights into the mechanisms underlying AD development.
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![Comparison of the expression levels of eight genes, *RELN*, *PTGS2*, *MYO5C*, *TRIL*, *DCHS2*, *GRB14*, *NPAS4* and *PHYHD1*, among four Braak NFT stage groups (0, I--II, III--IV and V--VI) in three brain regions (BRs) (EC, TC and FC). For this analysis, we used data derived from genechips with the ROW set ([Supplementary Tables S1 and S8](#sup1){ref-type="supplementary-material"}). Box-and-whisker plots show the distributions of the gene-level expression levels (log~2~-transformed values) of these genes in every Braak NFT stage group (0, I--II, III--IV and V--VI): upper horizontal line of box, 75th percentile; lower horizontal line of box, 25th percentile; horizontal bar within box, median; upper horizontal bar outside box, 90th percentile; lower horizontal bar outside box, 10th percentile; dot, outlier; plus, mean. For the four-group comparison (0 vs I--II vs III--IV vs V--VI) in each BR, the Kruskal--Wallis test was conducted. When statistical significance (*P*~KW~\<5.00E--02, depicted in boldface type) was observed, Dunn\'s multiple comparison test was used as a *post hoc* test. Braak NFT stage 0 was used as a reference group for this test: multiplicity-adjusted *P*-values were calculated (\**P*\<5.00E--02, \*\**P*\<1.00E--02 and \*\*\**P*\<1.00E--03). The numbers of subjects included in each Braak NFT stage group are shown in parentheses. (**a**) *RELN* (transcript cluster ID \[TC\]-3065740); (**b**) *PTGS2* (TC-2448382); (**c**) *MYO5C* (TC-3624513); (**d**) *TRIL* (TC-3043606); (**e**) *DCHS2* (TC-2790486); (**f**) *GRB14* (TC-2584712); (**g**) *NPAS4* (TC-3336197) and (**h**) *PHYHD1* (TC-3190796). NS, not significant; *P*~KW~, *P*-value computed by means of the Kruskal--Wallis test.](tp201435f1){#fig1}

![Hierarchical clustering of the eight genes, *RELN*, *PTGS2*, *MYO5C*, *TRIL*, *DCHS2*, *GRB14*, *NPAS4* and *PHYHD1*. (**a**) These genes were grouped in accordance with their *Z*-scored gene expression levels across Braak NFT stages. Red and blue indicate upregulated and downregulated gene expression levels, respectively. (**b**--**i**) Expression patterns of the eight genes across Braak NFT stages: (**b**), *RELN* (Cluster-1); (**c**) *GRB14* (Cluster-1); (**d**) *NPAS4* (Cluster-2); (**e**) *PTGS2* (Cluster-2); (**f**) *DCHS2* (Cluster-3); (**g**) *MYO5C* (Cluster-4); (**h**) *PHYHD1* (Cluster-4); and (**i**) *TRIL* (Cluster-4). The mean log~2~-transformed gene expression levels of each Braak NFT stage group are plotted. The numbers of subjects included in each Braak NFT stage group are shown in parentheses.](tp201435f2){#fig2}

![Protein--protein interaction network including the eight proteins encoded by the eight genes, *RELN*, *PTGS2*, *MYO5C*, *TRIL*, *DCHS2*, *GRB14*, *NPAS4* and *PHYHD1*. For construction of the network, we used a protein--protein interaction database, BioGrid (build 3.2.104 (September 2013)).^[@bib16]^ As TRIL was not included in build 3.2.104 of this database, we manually added TRIL to this network via TLR4, which directly interacts with TRIL.^[@bib36]^ The eight proteins, RELN, PTGS2, MYO5C, TRIL, DCHS2, GRB14, NPAS4 and PHYHD1, are highlighted in boldface type and are colored according to the clusters presented in [Figure 2](#fig2){ref-type="fig"}: Cluster-1 (RELN and GRB14), red; Cluster-2 (NPAS4 and PTGS2), turquoise; Cluster-3 (DCHS2), green; and Cluster-4 (PHYHD1, MYO5C and TRIL), yellow. Two proteins, COPS5 and POT1, were found to mediate interactions among multiple proteins identified in this study: COPS5, RELN, DCHS2 and PTGS2; and POT1, PHYHD1 and MYO5C. Note that APP, sequentially cleaved by β- and γ-secretases toward neurotoxic Aβ production, directly interacts with one of the proteins discovered in this study, PHYHD1. The edge between APP and PHYHD1 is indicated by an asterisk.](tp201435f3){#fig3}

![Disease specificity of the expression levels of three genes, *PHYHD1*, *MYO5C* and *GRB14*. RT−qPCR analysis of the three genes was performed in the NP set ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}). As endogenous control genes for normalization of the target gene expression levels, we used *GUSB*, *RPS17* and *CASC3*. Box-and-whisker plots show the distributions of the expression levels of *PHYHD1* (**a**), *MYO5C* (**b**) and *GRB14* (**c**) in every disease group: upper horizontal line of box, 75th percentile; lower horizontal line of box, 25th percentile; horizontal bar within box, median; upper horizontal bar outside box, 90th percentile; lower horizontal bar outside box, 10th percentile; dot, outlier; plus, mean. For four-group comparison for each endogenous control gene, one-way ANOVA was conducted. When statistical significance (*P*~ANOVA~\<5.00E−02, depicted in boldface type) was observed, Sidak\'s multiple-comparison *post hoc* test was applied. Control subjects (Cont) were used as a reference group for this test: multiplicity-adjusted *P*-values were calculated (\**P*\<5.00E−02 and \*\**P*\<1.00E−02). The numbers of subjects included in each disease group are shown in parentheses. AD, Alzheimer\'s disease; DLB, dementia with Lewy bodies; PD, Parkinson disease; NS, not significant; RQ, relative quantity; ddCt, delta delta cycle threshold.](tp201435f4){#fig4}

###### Genes showing both *P* ~FDR~ \<5.00E−02 and fold change \> \|1.5\| in Com-NFT(BR)

  *Comparison ID*     *Gene*           P~*FDR*~          *Fold change*                                                                                   
  ----------------- ---------- ------------------------- --------------- ----------- ----------- ------- ----------- ----------- ----------- ----------- -----------
  Com-NFT(E)          *RELN*    [**2.96E**−**09**]{.ul}  -1.26           −1.09       −**1.99**   1.16    −**1.58**   −**1.82**   −1.40       −1.31       −**1.79**
                     *PTGS2*    [**3.88E**−**05**]{.ul}  −1.36           −**1.62**   −**1.75**   −1.19   −1.28       −1.08       −**1.57**   −1.44       −1.34
                     *MYO5C*    [**3.67E**−**04**]{.ul}  1.34            1.38        **1.84**    1.03    1.38        1.33        **1.50**    1.38        **1.50**
                      *TRIL*    [**3.64E**−**03**]{.ul}  1.48            **1.53**    **1.75**    1.03    1.18        1.15        **1.58**    1.34        1.33
                     *DCHS2*    [**2.43E**−**02**]{.ul}  **1.60**        1.41        1.31        −1.13   −1.23       −1.08       1.44        1.07        −1.01
                     *GRB14*    [**2.78E**−**02**]{.ul}  −1.14           1.13        −1.48       1.29    −1.29       −**1.67**   −1.14       −1.07       −1.47
                     *NPAS4*    [**2.96E**−**02**]{.ul}  −**1.91**       −**1.81**   −**1.98**   1.06    −1.03       −1.09       −**1.90**   −1.37       −1.31
  Com-NFT(T)         *PHYHD1*   [**3.18E**−**03**]{.ul}  1.39            1.35        **1.59**    −1.03   1.14        1.17        1.44        1.24        1.28
  Com-NFT(F)         *NPAS4*    [**3.09E**−**04**]{.ul}  −**2.73**       −**2.89**   −**2.43**   −1.06   1.12        1.19        −**2.68**   −**1.61**   −1.22

Abbreviation: ref, reference. *P*~FDR~ calculated by alt-splicing ANOVA is shown in underlined boldface type.

Fold change values exhibiting \>\|1.5\| are depicted in boldface type.

[^1]: These authors contributed equally to this work.
